The ligand-dependent transcription factor aryl hydrocarbon receptor (AhR) has been implicated in various immune functions. Our previous studies have shown that AhR activation by exposure of ovalbumin (OVA)-immunized mice to the potent ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) increases immunization-induced IFN-g production in the spleen and suppresses the production of T h 2 cytokines and OVA-specific antibodies. In the present study, we used transgenic (Tg) mice that express a constitutively active mutant of aryl hydrocarbon receptor (CA-AhR) specifically in T-lineage cells to clarify the role of AhR activation in T cells in these reactions. The results of this study clearly demonstrated that AhR activation only in the T cells augments IFN-g production upon OVA immunization. By contrast, production of T h 2 cytokines and antibodies were not significantly suppressed by CA-AhR in the T cells. These results suggest that suppression of T h 2 cytokines and antibodies production require AhR activation not only in T cells but also in other cell types as caused by TCDD exposure. Alternatively, these results may indicate that IFN-g augmentation and T h 2 cytokines and antibodies suppression depend on different ways of functions of AhR in the T cells and that CA-AhR does not replicate the suppressive effect of TCDD-activated AhR on T h 2 cytokines and antibodies. Expression of CA-AhR in the T cells was also shown to increase the percentage of CD25
Introduction
The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor and a member of the basic helix-loophelix (bHLH) -PAS superfamily (1) (2) (3) . While its physiological ligand has yet to be identified, a variety of xenobiotic chemicals, such as dioxins and polycyclic aromatic hydrocarbons, have been found to act as ligands. Among the dioxins, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is well known to be the most stable ligand with the highest affinity for AhR. In the absence of such ligands, the AhR exists in the cytoplasm in the form of a complex with Hsp90, XAP2 and p23 proteins (2) . Upon binding to ligands, the AhR becomes activated and translocates into the nucleus, where the receptor dissociates from the Hsp90s and dimerizes with another transcription factor, aryl hydrocarbon receptor nuclear translocator (ARNT). The AhR/ARNT heterodimer specifically binds DNA sequences called xenobiotic-responsive elements (XREs) and induces or modulates expression of various genes, which leads to the development of numerous biological and toxic reactions (1) (2) (3) (4) . Evidence of the intrinsic physiological roles of the AhR has been accumulating in recent years (5, 6) , and numerous endogenous compounds, including indigoids and tryptophan metabolites, have been proposed as endogenous and physiological ligands (7) .
In the immune system, the AhR has been shown to be associated with a variety of immune reactions. Exposure of mice to TCDD induces thymus atrophy (8) (9) (10) , suppresses CTL activity (11, 12) and reduces antibody production (13, 14) , all of which have been attributed to AhR activation, since none of these effects has been observed in AhR-deficient mice (15) (16) (17) (18, 19) , and the AhR is also involved in T h 17 differentiation (19) (20) (21) . In our previous studies, we found that exposing mice immunized with ovalbumin (OVA) to TCDD suppressed antigen-induced production of T h 2-type cytokines (IL-4, IL-5 and IL-6) and increased production of IFN-c by splenocytes prior to suppression of antigen-specific antibody production (22, 23) . We also found that TCDD suppressed immunizationinduced increases in splenic T cells and B cells (14, 23) . These findings suggest that AhR activation by TCDD targets the T cells and suppresses antibody production by inhibiting T h 2 cytokine production and expansion of T cells and B cells. However, the function of AhR activation only in the T cells in these reactions has not been clarified, since TCDD exposure to mice activates all the AhR in various cell types in the body.
In order to address the exact role of the AhR in the T cells, we previously generated transgenic (Tg) mice that specifically express a constitutively active mutant of aryl hydrocarbon receptor (CA-AhR) in T-lineage cells by expressing a CA-AhR under the regulation of a CD2 promoter (24) . The mutant form of the AhR, which has a minimal deletion in the C-terminal portion of the ligand/Hsp90-binding site in the PAS-B domain, constitutively localizes to the nucleus, heterodimerizes with ARNT and activates transcription by binding XRE sequences in a ligandindependent manner (25) . The mice generated express the transgene in their thymocytes, CD4 T cells and CD8 T cells, but not in their B cells, and they express the representative AhR-target gene CYP1A1 in their thymus and spleen (24) . The mice develop thymus atrophy and, upon OVA immunization, exhibit suppressed splenocyte expansion, showing that AhR activation in the T cells alone induces these reactions (24) .
In the present study, we further investigated the primary and secondary immune responses of the Tg mice to OVA in order to clarify the contribution of AhR activation only in T cells to the individual immune responses.
Methods

Tg mice and immunization
CA-AhR Tg mice (line A) expressing a CA-AhR mutant and GFP in the T-lineage cells under the regulation of a CD2 promoter were generated as described previously (24) and maintained by backcrossing with C57BL/6J mice. The level of CYP1A1 mRNA expression in the thymus of the heterozygous Tg mice corresponded approximately to the level induced by a single dose of 20 lg TCDD kg À1 (24) . The heterozygous Tg mice used for most of the experiments were backcrossed to C57BL/6J mice for 11 generations. AhR knockout mice were backcrossed to C57BL/6J.
To investigate the primary immune reactions, alumprecipitated OVA (OVA/alum) was prepared as described previously (14, 24) , and the heterozygous Tg mice and their wild-type littermates (7-8 weeks old) were intra-peritoneally immunized with the OVA/alum (100 lg OVA per mouse) on Day 0. The animals were sacrificed for examination of cytokine production by splenocytes on Day 4 or 7, based on the results previously reported (23) . The antibodies in plasma were examined on Day 7 or 10, based on the results previously reported (14) . In some experiments (4-hydroxy-3-nitrophenyl)acetyl (NP) linked to chicken c-globulin was used for immunization instead of OVA (14) . To examine the secondary immune response (22, 26) , heterozygous Tg mice and wild-type littermates (6-7 weeks old) were intra-peritoneally immunized with 10 lg OVA/2 mg Al(OH) 3 on Day 0 and were boosted with OVA 3 weeks later (Day 21). One week after the boost (Day 28), they were sacrificed for examination of their plasma and splenocytes.
TCDD exposure
Female B6D2F1 mice were purchased from Charles River Laboratories, Japan. TCDD (purity, 98%) was obtained from Cambridge Isotope Laboratory (Andover, MA, USA). A single dose of TCDD (40 lg kg À1 ) or vehicle was administered to B6D2F1 mice or CA-AhR Tg mice by gavage, and the animals were subsequently immunized intra-peritoneally with OVA/alum as described previously (14) . They were sacrificed on Day 4 for examination of the thymus, spleen and cytokine production or on Day 10 for antibody measurement.
Antibody measurement by ELISA
Plasma was prepared from immunized mice on the days stated above. The amounts of OVA-specific IgM and IgG1 in the plasma were measured by ELISA as described previously (14) . The amounts of total IgE and OVA-specific IgE in the plasma were measured by ELISA as described previously (22, 26) . Total or high-affinity NP-specific IgG1 was measured by using high-NP-haptenated or low-NPhaptenated BSA as described previously (14) .
Cytokine measurement by ELISA
Splenocytes were prepared from immunized mice on the days stated above and cultured for 3 days at 1 3 10 6 cells in 200 ll in complete medium with or without OVA (100 lg ml À1 ) (22, 27 ). The culture medium was then collected, and the IL-5 and IFN-c in the supernatant were measured by ELISA using the BIOSOURCE Immunoassay Kit (Invitrogen Co.) and the High Sensitivity ELISA Ready-SET-Go! (eBioscience), respectively, according to the manufacturer's instructions.
FACS analyses of cellular composition
Single-cell suspensions of thymus and spleen were prepared and analyzed for cell surface markers with a FACSCalibur (BD Biosciences) as described previously (22, 24) . The following monoclonal antibodies were purchased from eBioscience: anti-CD4-PE (clone GK-1.5), anti-CD8-biotin (53-6.7), anti-CD3e-PE (145-2C11), anti-CD25-APC (PC61.5) and anti-CD62L-PE-Cy5 (MEL-14). Anti-CD19-biotin (ID3) and streptavidin-APC were obtained from BD Biosciences.
Amounts of AhR protein and mRNA in CD4T cells
CD4 T cells were isolated from the spleens of C57BL/6 mice by positive selection with antibody-labeled magnetic particles (28) . Briefly, the splenocytes were labeled with IMag Mouse CD4 Particles-DM (BD Biosciences), and the particle-labeled cells were isolated by passing them over a magnet according to the manufacturer's instructions. Western blotting was carried out as described previously (29) . Antibody against AhR (SA-210) was purchased from BIOMOL. AhR mRNA was analyzed by reverse transcription (RT)-PCR as described previously (30) . Mouse AhR sense primer 5#-acataacggacgaaatcctgacc-3# and anti-sense primer 5#-tcaactctgcaccttgcttagga-3# and HPRT sense primer 5#-gctggtgaaaaggacctct-3# and anti-sense primer 5#-cacaggactagaaaatat-3# were used.
Affymetrix GeneChip analysis and RT-PCR
Affymetrix GeneChip analysis was performed as previously described (28, 31) . A single total RNA sample was prepared from three thymuses of the Tg mice or their wild-type littermates, and the fold change in gene expression in the Tg mice in comparison to the value in the wild-type mice was calculated. Two independent experiments were carried out, and the average of the results in the two experiments was given. RT-PCR of CYP1A1, adseverin (24) and AhRR (28) were performed as described previously. The sequences of primers used were 5#-GGACAAGGACGGCTTCATTA-3# and 5#-ACTGATGAGCGAGGATGGAG-3# for CYP1B1 and 5#-AGACTGTTCCAAAAACAGTGGA-3# and 5#-GATGCTCTT-TCCTCCTGTGC-3# for cyclophilin B.
Results
CA-AhR expression increases the percentage of CD25
+ cells among CD4 + cells
Consistent with the results of our previous study (24) (Fig. 1D, right panel) . The same results were observed in the thymus and spleen of unimmunized Tg mice (data not shown). These results show that AhR activation in T cells alone induces the phenotypic changes in the T cells in the thymus and spleen. However, the numbers of CD62L lo CD25
+ and CD62L hi CD25 + cells were similar in the thymus of the Tg mice and the wild-type littermates (Fig. 1D, left panel) , since the total numbers of CD4
+ cells in the Tg mice were lower than in the wild-type littermates (Fig. 1C) . In the spleen, the numbers of CD62L lo CD4 + CD25 + cells and total CD4 + CD25 + cells were rather lower in the Tg mice compared with the wild-type littermates (Fig. 2D, left panel) due to the reduced number of CD4 + cells in the Tg mice (Fig. 2C) .
CA-AhR expression increases IFN-c production but does not suppress production of T h 2 cytokines or anti-OVA antibodies
Consistent with the results of a previous study on TCDD exposure of OVA-immunized mice (22), IFN-c production by the splenocytes was also increased in the Tg mice in the primary (Fig. 3A ) and the secondary (Fig. 3D) immune response. These results demonstrate that AhR activation in the T cells alone plays a part in augmenting IFN-c production in the spleen. We previously found that IL-5 production by the splenocytes of OVA-immunized mice is a very sensitive end point for detecting a suppressive effect of TCDD on the immune system (27) . The expression of CA-AhR in the T cells in the Tg mice, however, did not suppress IL-5 production in either the primary (Fig. 3A) or secondary (Fig. 3D) immune response. IL-4 production was also not suppressed in the splenocytes of the Tg mice ( Fig. 3A and D) . Furthermore, no suppression of anti-OVA IgM, IgG1 or IgE production was observed in the Tg mice in either the primary (Fig. 3B) or secondary (Fig. 3E) immune response. Thus, these results were not consistent with the results of exposure of wild-type mice to TCDD, which suppressed production of T h 2-type cytokines and antigen-specific antibodies in the primary and secondary immune responses (14, 22, 23) . Production of high-affinity antibodies against antigen (Fig. 3C ) was also not suppressed in the Tg mice, in contrast to the TCDDexposed wild-type mice (14) .
TCDD exposure of CA-AhR Tg mice suppresses production of T h 2 cytokines and antibodies
Since T h 2-cytokine and antibody production was not suppressed in the CA-AhR Tg mice, we investigated whether these reactions in Tg mice were affected by TCDD exposure which activates all the intrinsic AhR in the body by comparing the effects of TCDD on the immune reactions in the Tg mice and wild-type mice. The CA-AhR Tg mice were derived from C57BL/6 3 DBA/2 eggs (24). Line A Tg mice express not only AhR b coded by the b allele from C57BL/6 mice but also AhR d coded by the d allele of the AhR gene from DBA/ 2 mice even after backcrossing 17 times with C57BL/6 mice and selecting for CA-AhR (Fig. 6A) . Thus, the CA-AhR transgenes are assumed to have inserted very close to the AhR d locus of the gene in the C57BL/6 3 DBA/2 egg and remain accompanied by AhR d on the same chromosome. We therefore used B6D2F1 wild-type mice for a comparative reference purpose. Since AhR d has much weaker affinity for its ligands than AhR b does (32, 33) , we dosed the mice with 40 lg kg À1 of TCDD (Fig. 4) .
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Downloaded from https://academic.oup.com/intimm/article-abstract/21/7/769/819589 by guest on 20 January 2019 TCDD exposure further reduced the thymus weight in the OVA-immunized Tg mice, and the extent of the reduction by TCDD was very similar to that observed in the immunized B6D2F1 mice (Fig. 4A) . Spleen weight was also lowered by TCDD to a similar extent in both the Tg mice and B6D2F1 mice (Fig. 4B) . TCDD exposure of B6D2F1 mice increased the percentages of CD62L lo CD25 + cells and total CD25 + cells in the spleen CD4 + cells (Fig. 4C, left) . The effect of a single dose of TCDD on the CD4 + cells was very similar to that of CA-AhR expression in the T cells in the Tg mice (Fig.  2D, right) . The percentages of CD62L lo CD25 + cells and total CD25
+ cells in the CD4 + cells were also increased in the Tg mice by TCDD to a similar extent observed in the B6D2F1 mice (Fig. 4C) . Although IL-4, IL-5 and anti-OVA IgM productions were not reduced in the Tg mice in comparison with their wild-type littermates (Fig. 3) , TCDD exposure suppressed the production of these cytokines as well as IgM in the Tg mice ( Fig. 4D and E ). These results demonstrate that the immune system of the Tg mice retains sensitivity to TCDD. They also indicate that expression of CA-AhR in the T cells alone does not suppress the production of T h 2 cytokines or antigen-specific antibodies.
Anti-OVA IgG1 was unaffected by exposure of the Tg mice to the 40 lg kg À1 dose of TCDD, the same as the B6D2F1 mice (data not shown), suggesting that IgG1 production is less sensitive to AhR activation than IgM production and IFN-c production was also unaffected in the Tg mice and B6D2F1 mice by TCDD exposure. IL-4 and IL-5 production was much higher in the B6D2F1 mice than in the C57BL/6-background Tg mice (Fig. 4D ), suggesting + CD25 + cells in the primary immune response to OVA. Female Tg (heterozygous) mice and littermate wild-type mice (n = 7 per group) were immunized with OVA/alum, and 7 days later their thymus weights (A) and thymocyte numbers (B) were examined. (C) Thymocytes were stained with a combination of anti-CD4-PE and anti-CD8-biotin/ streptavidin-APC and measured by flow cytometry. The numbers (left panel) and percentages (right panel) are shown. (D and E) Thymocytes were stained with a combination of anti-CD4-PE, anti-CD25-APC and anti-CD62L-PE-Cy5 and measured by flow cytometry. CD4-positive cells were gated and analyzed for CD25 and CD62L staining. The differences between the Tg mice and wild-type mice were analyzed by Student's t-test. The data are expressed as means 6 SDs. *P < 0.05, **P < 0.01. that the DBA/2 background augments the production of these cytokines.
AhR-dependent gene expression in the Tg mice
The CA-AhR we used has been demonstrated to induce expression of the XRE-dependent AhR-target gene CYP1A1 (24, 34) . We further investigated the expression of AhRdependent genes in the thymus of Tg mice. Analyses of gene expression with Affymetrix GeneChips showed that expression of XRE-dependent AhR-target genes AhRR (35) and CYP1B1 (36, 37) , in addition to CYP1A1, in the Tg mice was up-regulated 367-, 30-and 382-fold, respectively, compared with their expression in the wild-type littermates. The expression of another AhR-target gene adseverin was also up-regulated in the Tg mice 13-fold compared with the wildtype littermates, while XRE dependency of its induction is unknown (38) . The expression changes of those genes were confirmed by RT-PCR (Fig. 5) . These results support the notion that the CA-AhR functions in a manner similar to that of TCDD-activated wild-type AhR at least such as an XRE-dependent transcription factor.
Decreased AhR mRNA expression in cultured CD4 T cells has been reported (20, 21) . A recent study showed that AhR expression was restricted to T h 17 cells among the several subsets derived from mouse CD4 T cells in vitro and that expression in other subsets, including T h 0, was negligible compared with expression in the liver (21) . In the present study, we confirmed the expression of AhR mRNA and protein in CD4 T cells freshly isolated from the spleen of wild-type mice. The freshly prepared CD4 T cells contained a significant level of AhR mRNA, although the level was lower than in the liver and spleen (Fig. 6B) . Furthermore, the level of AhR protein in the CD4 T cells was found to be similar to its level in the liver and spleen (Fig. 6C) . 
CD25
+ cells (D and E) were examined in the same mice as in Fig. 1 . The differences between the Tg mice and wild-type mice were analyzed by Student's t-test. The data are expressed as means 6 SDs. *P < 0.05, **P < 0.01.
Discussion
The results of the present study have demonstrated that CAAhR expression in T cells only augmented IFN-c production. While IFN-c is crucial for anti-viral and anti-tumor immunity, aberrant or excessive IFN-c production is associated with autoimmune diseases and pathology, such as severe inflammation and tissue damage (39) . IFN-c is also involved in the suppression of T h 17 cell induction (40) . Thus, AhR activation in the T cells might be involved in not only host defense but also in immune pathogenesis. The previous findings that TCDD exposure of OVA-immunized mice suppresses T h 2 cytokine production and augments IFN-c production by splenocytes (22, 23) suggested that AhR activation in T cells causes skewing of the T h 1/T h 2 balance toward T h 1. However, the results of the present study have demonstrated that AhR activation in the T cells alone enhances IFN-c production without suppressing T h 2 cytokine production in the spleen after OVA immunization. These results indicate that the T h 2 cytokines and IFN-c were affected by AhR activation in an independent manner. The primary sources of IFN-c in the adaptive immune response are T h 1 cells and CD8 effector cells (39) . Precise studies on the time course of IFN-c production by individual cell types will be required to clarify the molecular mechanism of the association between AhR and IFN-c production in the course of immune reactions.
On the other hand, the CA-AhR only in the T cells did not suppress the production of IL-4 or IL-5 upon OVA immunization. The present study showed that the CA-AhR not only induced expression of CYP1A1 but also of the other AhR-target genes, AhRR (35), CYP1B1 (36, 37) and adseverin (38) . The induction of AhRR (35) and CYP1B1 (36, 37) has been shown to be dependent on AhR/ARNT/XRE, as has been widely known for CYP1A1 induction. These findings suggest that the CAAhR replicates the function of ligand-bound activated AhR, at least as an XRE-dependent transcription factor. If the CA-AhR functions in exactly the same manner as the liganded wildtype AhR, the results of the present study indicate that the suppression of T h 2 cytokine production by TCDD is induced by the activation of AhR in the T cells as well as additional cell types, such as antigen-presenting cells, or indirectly induced by activation of cells other than T cells. The TCDD-induced suppression of antibody production might be a consequence of the lowered T h 2 cytokine level or due to direct effects of AhR activation in B cells as previously reported (13, 41) .
Alternatively, another possible explanation for the unchanged level of T h 2 cytokines in the Tg mice is that CAAhR does not fully replicate ligand-bound activated AhR. In addition to acting as a transcription factor, the AhR has been shown to be involved in non-genomic signaling pathways through interaction with a variety of proteins (20, (42) (43) (44) (45) (46) . The AhR can modulate estrogen receptor (ER) function in a positive way as a coactivator-like factor (45) and in a negative way as a ligand-dependent E3 ubiquitin ligase (46) . Assessment of the interaction between the AhR and the ER in the AhR DPAS(D117-424) mutant showed a greatly decreased interaction, and the AhR D327-516 mutant showed a slightly weaker interaction with the ERa-binding domain compared with full-length AhR (45) . Since the CA-AhR we used has a minimal deletion D277-418 in the C-terminal (19) . These findings imply the existence of an as yet unknown mechanism of ligand-dependent AhR function. These results also suggest possible differences between functions of liganded AhR and CA-AhR. Kimura et al. (20) , however, showed that AhR activation by both TCDD and FICZ enhanced Treg induction by TGF-b, and the reason for this discrepancy is not known.
Another different feature between CA-AhR in the Tg mice and wild-type AhR activated by TCDD exposure is the persistent activation of the CA-AhR. When CA-AhR expression was examined by flow cytometry analysis of co-injected GFP expression in the thymocytes, the transgene expression . (E) Antigen-specific antibody was measured on Day 10. The absorbance of plasma samples from non-immunized mice was 0.13-0.28. The differences between the Tg mice and wild-type mice were analyzed by Student's t-test. The data are expressed as means 6 SDs. *P < 0.05, **P < 0.01. was detected as early as on gestational day 16.5 (data not shown). The persistent expression of CA-AhR in the T cells has been shown not to dull the sensitivity of the immune system to TCDD exposure, as TCDD exposure of Tg mice suppressed T h 2 cytokines and antibodies in the present study. Furthermore, the results of the present study have shown that the persistent CA-AhR expression in the T cells induces IFN-c augmentation in a similar manner to the effect of a single exposure to TCDD.
We have also shown that CA-AhR + cells, by AhR activation observed in the present study seems to imply that the AhR is involved in the signaling pathway downstream of the T-cell receptor. The mechanism by which AhR activation increases the percentage of this population in the CD4 + cells and whether the increase relates to functional Treg generation have yet to be clarified.
In summary, we have demonstrated that expression of CA-AhR activation in T cells alone increases IFN-c production by splenocytes upon OVA immunization, while it does not induce the suppression of T h 2 cytokine production or antibody production that were observed by TCDD-induced AhR activation in OVA-immunized mice. The studies using CA-AhR Tg mice give clues how to dissect the role of the AhR in different cell types and the way the AhR functions in immune reactions. 
